The removal of eight typical endocrine disrupting compounds (EDCs) in a full scale membrane bioreactor combined with anaerobic-anoxic-oxic process (A 2 /O-MBR) for municipal wastewater reclamation located in Beijing was investigated. These EDCs, including 4-octylphenol (4-OP), 4-nnonylphenol (4-n-NP), bisphenol A (BPA), estrone (E1), 17α-estradiol (17α-E2), 17β-estradiol (17β-E2), estriol (E3) and 17α-ethinylestradiol (EE2), were simultaneously analyzed by gas chromatography/ mass spectrometry after derivatization. The concentrations of eight EDCs were also measured in sludge of anaerobic, anoxic, oxic and membrane tanks to measure sludge-water distribution coefficients (K d values) as the indicator of adsorption propensity of target compound to sludge. The removal efficiencies of EDCs reached above 97%, except for 4-n-NP removal efficiency of 72%, 4-OP removal efficiency of 75% and EE2 removal efficiency of 87% in the A 2 /O-MBR process. The high K d values indicated that the sludge had a large adsorption capacity for these EDCs, and significantly contributed to removal of EDCs. Yeast estrogen screen assay was performed on samples to assess the total estrogenic activity by measuring the 17β-E2 equivalent quantity (EEQ), expressed in ng-EEQ/L. The measured EEQ value was markedly reduced from 72.1 ng-EEQ/L in the influent to 4.9 ng-EEQ/L in the effluent. Anoxic tank and anaerobic tank contributed to 80% and 37% in total EEQ removal, respectively.
INTRODUCTION
With advance in analytical instrumentations, more emerging micro-pollutants, such as endocrine disrupting compounds (EDCs), pharmaceuticals and personal care products, etc., have been detected at low ng/L levels in sewage effluent (Westerhoff et al. ; Nakada et al. ) . Furthermore, the fate of their ubiquitous occurrence with a wide range has attracted considerable attentions from the public and regulators in recent years. Most of these concerns stem from their known aquatic and environmental impacts and potential human health effects at very low (part-per-trillion or part-per-quadrillion) concentrations.
Especially the presence and the fate of EDCs are of growing concern since the discovery of the feminization of male fish and other aquatic organisms exposed to wastewater treatment plant effluents (Guillette et al. ; Sumpter & Jobling ) . Recently it has also been discovered that some EDCs can have transgenerational effects due to abnormal DNA methylation patterns (Chang et al. ; Price et al. ) . However, municipal wastewater treatment plants (MWTPs) are normally constructed for the efficient removal of biodegradable organic substances through biological degradation. Namely, conventional biological treatments have not been designed for the removal of micropollutants (ng-mg/L), and thus MWTPs are inefficient in their removal (Castiglioni et al. ; Hashimoto et al. ) . Therefore, discharge of MWTPs effluent is recognized to be the important source for EDCs to enter into the natural environment.
The membrane bioreactor (MBR) can retain biomass completely and has a long sludge retention time (SRT). The retention of suspended solids and low ratio of food to microorganism have positive effects on the elimination of micro-pollutants. Several studies have reported removal of micro-pollutants by MBR system (Gusseme et al. ; Nghiem et al. ) . However, most of studies were limited in laboratory experiment. There was little information on the removal and behavior of EDCs in a large scale MBR plant for municipal wastewater treatment and reclamation.
In this paper, a full scale MBR plant combined with anaerobic-anoxic-oxic process (A 2 /O-MBR) located in Beijing with a planned treatment capacity of 60,000 m 3 / day, was investigated in considering EDCs removal performance. Eight compounds, comprising three phenolic chemicals (4-octylphenol, 4-OP; 4-n-nonylphenol, 4-n-NP and bisphenol A, BPA) and five steroid estrogen (estrone, E1; 17β-estradiol (17β-E2); 17α-estradiol (17α-E2), 17α-E2; estriol, E3 and 17α-ethinylestradiol, EE2), were selected as typical EDCs compounds for investigation according to their physicochemical characteristics, the availability of analytical methods and the reference to the literatures for estrogenic information on the selected compounds. Removal characteristics of eight EDCs in the large scale A 2 /O-MBR plant for municipal wastewater treatment and reclamation was investigated. Contribution of adsorption by sludge to elimination of EDCs was also analyzed by measuring sludge-water distribution coefficients (K d values). In addition, total estrogenic activity was assessed using the yeast estrogen screen (YES), and its diminution in the A 2 /O-MBR treatment process was estimated by calculating 17β-E2 equivalent quantity (EEQ).
MATERIALS AND METHODS

Wastewater treatment plant and sampling
The A 2 /O-MBR process is shown in Figure 1 , which was designed for nitrogen and phosphorus removal, and consisted of an anaerobic reactor (A1), an anoxic reactor (A2), an oxic reactor (O) and a membrane tank where hollow fibre polyvinylidene fluoride membrane modules (nominal pore size: 0.04 μm, total membrane area: 182.9 m 2 , Siemens Co.) are submerged. Phosphorous in the raw wastewater was removed through phosphorus release in the anaerobic tank and excessive taking up in the oxic tank by phosphorous accumulating organisms (PAOs), and drawing off the excess sludge full of PAOs. Denitrification occurred in the anoxic tank. Organic matters remained after consumed by PAOs and denitrification was further degraded in the oxic unit. Mixed liquor was returned from membrane tank to O, then from O to A2, and finally from A2 to A1, at the rates of 400, 500, 120% to the influent flow, respectively. A majority of the MBR effluent was used for nearby landscape water; the residual was further treated by reverse osmosis membrane for obtaining high quality reclaimed which was supplied to Olympic park. Table 1 shows the operation conditions of the investigated A 2 /O þ MBR plant.
Sampling was carried out during the period of October-December 2008 from bar screen chamber effluent, anaerobic tank, anoxic tank, oxic tank, MBR membrane tank and membrane effluent of the process. Chemical oxygen demand (COD), ammonium nitrogen (NH 4 þ -N), total nitrogen (T-N), total phosphorus (T-P), total suspended solids (TSS) for collected samples were also measured using standard methods (APHA/AWWA/WEF ). 
Chemicals and reagents
The reference standards of 4-OP, 4-n-NP, BPA and 17α-E2 were purchased from Sigma-Aldrich, USA; E1, E2, E3 and EE2 were purchased from Wako, Japan. 17β-E2 17 acetate (E2-17AC), as an internal standard, was supplied by Dr. Ehrenstorfer, Germany. All these standards were of high purity over 98% and stored at À20 W C. The derivatization reaction reagent, bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilsane, and the used pyridine as catalyzer were purchased from Sigma-Aldrich. All the solvents used were HPLC (high-performance liquid chromatograph) grade or higher. For YES assay, the used yeast strains for the YES were kindly provided by Prof. Jiangyong Hu, National University of Singapore.
Analytical methods 500 mL of the selected EDCs water samples were acidified with hydrochloric acid to pH ≈ 3, stored at 4 W C immediately.
The pretreatment of the samples was completed in 48 h. Sample was filtered through 1 μm glass fiber filter (Whatmans, USA) to separate sludge phase and water phase. Solid phase extraction was performed using 60 cc/200 mg OASIS HLB cartridges (Waters, USA) for water phase sample. The cartridge was eluted with 10 mL dichloromethane/acetone (7:3), and the extract was cleaned up by a silica gel cartridge. After cleanup, the extract was evaporated to dryness under a gentle nitrogen stream at 40 W C following the addition of 100 ng E2-17AC. Subsequently, the sample was redissolved in 1 mL of dichloromethane/acetone (7:3). A 500 μL aliquot of the sample was dried down and dissolved in dimethylsulfoxide (DMSO) prior to YES analysis. A second aliquot of 500 μL was evaporated to dryness again. Then, the dry residue was derivatized by adding 50 μL pyridine and 100 μL BSTFA at 70 W C for 60 min. The pretreatment of sludge phase sample was the same as water phase after ultrasonic solvent extraction. The products of derivatization were determined using an Agilent 7890 N GC with 5975C MSD equipped with an Agilent 7683B automatic liquid sampler and an HP-5MS GC column (30 m, 0.25 mm i.d., 0.25 μm film thickness). Helium was used as the carrier gas. The GC-MSD interface and the ion source temperatures were set at 280 and 250 W C, respectively. The temperature program for GC column was run from first 100 W C up to 300 W C. The MS was by electron impact ionization and run in TIC mode from m/z 50 to 600 for qualitative analysis or selected ion monitoring mode for quantitative analysis. A linearity regression function was set up based on calibration measurement with concentrations between 25 and 2,000 μg/L. There was a good linearity in the detected range, and correlation coefficients (R 2 ) were above 0.999 for eight EDCs. Table 2 shows some main parameters for target compounds analyzed by GC/MS. 
YES bioassay
The above sample was diluted step by step by DMSO (eight series). Yeast transformants were grown overnight at 30 W C with vigorous orbital shaking at 300 rpm for 12 h in selective medium containing yeast nitrogen base without amino acids (6.7 g/L), plus dextrose (20 g/L), leucine (60 mg/L) and histidine (20 mg/L) for yeast transformed with the estrogen receptor assay. After incubation the yeast culture samples were diluted in the appropriate selective medium to an OD 600 of 0.25, 100 μL was added to each well of a 96-well microtiter plate (Holbrook et al. ) . To each well, 100 mL of assay buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 2 mg/mL 2-nitrophenyl-β-D-galactosidase (ONPG), 0.1% SDS, 50 mM β-mercaptoethanol, and 200 U/mL oxalyticase) was added. The change in concentration of orthonitrophenol, the yellow product that results from β-galactosidase cleavage of ONPG, absorbance was measured at 420 nm using enzymatic analyzer (SpectraMax M5, USA).
Quantification methods of YES assay
The method for quantification using the YES assay is to measure the relative cell proliferation of a sample to those of the E2. β-Galactosidase activity was defined based on measured absorbances at 420 and 600 nm as follows:
where u is β-galactosidase activity, OD 420 and OD 420b are absorbances of sample (or standard) and blank at 420 nm, respectively, OD 600 is absorbance of diluted bacteria at 600 nm, v is volume of incubated solution, n is diluted times. The β-galactosidase activity values were plotted to make response-curve with unitary method, corresponding to the concentration range 10 À6 -10 μM for each compound. The relative potencies (RPs) of the target compounds from the YES assay were then calculated as the ratio of the median effective concentration (EC50) values of E2 to that of the EC50 of each compound, from the concentration-response curve. The estrogenic activities, expressed as EEQ (E2 equivalent quantity), for the target compounds in all samples were calculated using the RP and concentrations detected via chemical analyses, as shown by the following equation (Rutishauser et al. ):
where EEQ is E2 equivalent concentration, EC50E2 and EC50 sample are the median EC50 of E2 and each target compound, respectively, 272.38 is molecular weight of E2. The total EEQ in all samples were summed with the individual EEQ for a single compound.
RESULTS AND DISCUSSION
General performance of the A 2 /O-MBR process
The general removal performances of TSS, COD, NH 4 þ -N, T-N and T-P in the A 2 /O-MBR process during the sampling period are shown in Table 3 . Mean removal efficiencies of TSS, COD, NH 4 þ -N and T-P reached above 95%, and removal efficiency of T-N reached 77%. These results show that the process performed stably during the sampling period.
Removal of EDCs in the A 2 /O-MBR process
Measured mean influent and effluent concentrations of selected EDCs are shown in Figure 2 . In the influent, BPA was the most abundant compound with a mean concentration of 420.9 ng/L. The mean influent concentrations of two alkylphenols, 4-OP and 4-n-NP were lower (12.6 and 4.2 ng/L). In the case of natural estrogens, the mean influent concentrations were 118.7 ng/L for E1, 144.3 ng/L for E2, 25.6 ng/L for 17α-E2 and 109.6 ng/L for E3. It may result from the fact that natural estrogens are the major excretion products of steroid estrogens from human and wildlife. For synthetic estrogen, the mean influent concentration of EE2 was as high as 127.4 ng/L. The higher concentration might be partially due to wide usage of EE2-based oral contraception pills. There are significant difference in selected EDCs concentrations between the influent and the effluent in the A 2 /O-MBR process. Especially, a larger variation of BPA, E1, E2, E3 and 17α-E2 in the effluent than in the influent indicated that five EDCs were almost completely removed (removal efficiencies reached higher than 97%), which may be attributed to the hydrophobicity of these EDCs contributable to hydrophobic adsorption by sludge. Although the removal efficiencies for the other three EDCs were less remarkable (those of 4-n-NP, 4-OP and EE2 were 72, 75 and 87%, respectively), their residual concentrations in the effluent were very low. These removal results are slightly higher than other previously reported conventional treatment process without membrane ( 
Adsorption of EDCs to sludge and distribution in sludge-water
In order to examine the contribution of adsorption by sludge to removal of EDCs, the concentrations of EDCs were measured in sludge of anaerobic tank, anoxic tank, oxic tank and membrane tank (Figure 3) . The concentration range of eight EDCs adsorbed by sludge is 104-1178 ng/g, bearing a significant difference among different compounds. The absorption capacities of sludge to BPA and EE2 were markedly better than the others. These results indicated that absorption of sludge is one of pathways for EDCs removal, contributing significantly to elimination of EDCs. The solid-water distribution coefficients (K d ) of the eight EDCs were calculated in order to analyze their sorption quantities onto sludge in the A 2 /O-MBR process, as shown by the following equation:
Where K d is the sorption coefficient (L/kg-SS), C s is the sorbed concentration per amount of suspended solids (ng/ kg-SS), C w is the measured concentration in aqueous phase (ng/L). The K d values calculated are shown in Table 4 . The sorption coefficients of eight EDCs were almost above 10,000 L/kg-SS in each unit of the A 2 / O-MBR process, which indicated the selected EDCs with a high tendency to partition onto the sludge. Especially, K d values of steroid estrogens were from tens thousands to hundreds thousands, which could explain the obtained high removal efficiencies as described above. Namely, the partial removal observed for EDCs studied during wastewater treatment is due to absorption onto sludge. This is in agreement with previous studies which reported that estrogens can be easily adsorbed onto the activated sludges when the sewage is satisfactorily mixed with the sludge (Suzuki & Maruyama ; Cajthaml et al. ) . Thus it is further confirmed that adsorption by sludge can play a very important role in the removal of EDCs in a biological reaction process.
Removal of estrogen activity
YES test is a quick biological in vivo technique based on the following principle. First of all, estrogen compounds will bind to the estrogen receptor, resulting in the expression of a reporter gene, which initiates the production of proteins (β-galactosidase). After a while, this signal can be measured using visible spectrometry (VIS)-absorption. The signal of this protein induction is expressed as a concentration equivalent of E2 equivalent quantity (EEQ). EEQ values derived from the bioassay showed a positive correlation with estradiol equivalents calculated from chemical analyses data. Figure 4 shows the experimentally measured and theoretically calculated EEQ concentrations in the A 2 /O-MBR process. The measured EEQ concentration was as high as 72.1 ng/L in the influent, and decreased to only 4.8 ng/L in the MBR effluent, indicating the overall removal efficiency of EEQ in the process reached above 93%. This result was comparable with the calculated EEQ concentrations, which showed a good correlation with the measured values (R 2 ¼ 0.962). Both measured and calculated results indicated the total estrogen activity could be effectively removed during the A 2 /O-MBR process. Further insight into the process revealed the outstanding performance by the anoxic and anaerobic tanks, where the relative removal efficiencies of total estrogen activity were as high as 80 and 37%, respectively. Table 5 shows the median EC50 values and the RPs of each compound from the concentration-response curve (data not shown) of the YES assay. The obtained RP value range was 0.00003-0.92, which was comparable to that in literatures (Gaido et The RP value of EE2 was the highest except E2, indicating the strong estrogen activity of EE2. The estrogen activity of BPA was the poorest, with its RP value five number orders smaller than E2. The estrogen activity of two phenolic compounds (4-n-NP and 4-OP) was also minor compared to E2, with their RP values three number orders smaller than E2. These data indicate that the natural and synthetic steroid estrogen represent the major contributors to the measured estrogenic activity. However, it has to be noted that the YES results are based on the binding of compounds to the estrogen receptor, while the actual effects on organisms might be more subtle than mere receptor binding. Hence, the contribution of phenolic compounds to the endocrine disrupting potential of the investigated effluent cannot be excluded rashly without further insight.
CONCLUSIONS
This paper describes the removal of eight typical EDCs and change of estrogenic activities in a full scale MBR combined with A 2 /O-MBR process for municipal wastewater treatment in Beijing. The removal efficiencies of the selected EDCs reached higher than 97%, except for 4-n-NP, 4-OP and EE2. The obtained high K d values indicated that the sludge of anaerobic tank, anoxic tank, oxic tank and membrane tank was highly capable of adsorbing these EDCs. Sludge adsorption significantly contributed to the removal of EDCs. The total EEQ value assessed with YES, indicative of endocrine activity, was reduced from 72.1 ng/L in the influent to 4.8 ng/L in the MBR effluent. In the process, anoxic tank and anaerobic tank were found key players in total EEQ removal, contributing to 80% and 37% of relative EEQ removal, respectively.
